Background. There are limited data on the real-world effectiveness of direct-acting antiviral (DAA) treatment in patients coinfected with hepatitis C virus (HCV) and HIV-a population with complex challenges including ongoing substance use, cirrhosis, and other comorbidities. We assessed how patient characteristics and the appropriateness of HCV regimen selection according to guidelines affect treatment outcomes in coinfected patients.
Direct-acting antivirals (DAAs) are safe and highly effective treatments that can cure more than 90% of individuals chronically infected with hepatitis C virus (HCV) [1, 2] . Ambitious World Health Organization (WHO) targets have been set for HCV elimination; however, treatment must be scaled up in populations that traditionally have been difficult to engage in care [3] [4] [5] [6] . Due to the high prevalence of HCV [7] and subsequent increased morbidity and mortality from liver disease [8] and community transmission risks, HIV-infected individuals are a priority population for HCV elimination. In clinical trials of DAAs that included HCV/HIV-coinfected individuals, treatment failures occurred infrequently [1] . Although traditionally difficult-to-treat patients are typically excluded from such trials [9] , recent real-world clinical studies have shown similarly low rates of treatment failure [10] [11] [12] [13] . Despite the advances in treatment, however, challenges remain that place coinfected persons at increased risk of DAA treatment failure. These include advanced and decompensated cirrhosis, ongoing substance use [14] , important drug-drug interactions with antiretrovirals and other concomitant medications [15] , and persistent HIV-related immunosuppression [16] . To date, studies have lacked more detailed information on risk behaviors, substance use, and the clinical rationale for treatment selection.
Although uncommon, treatment failures are costly. Even in the context of lower medication prices, the cost of retreatment is substantial. Failure to cure also carries the potential ongoing risk of new infections and progressive liver disease. Thus, optimizing success with a first DAA regimen should be the goal. We sought to determine how patient characteristics and the appropriateness of HCV treatment selection according to HCV treatment guidelines impact treatment outcomes for HCV/ HIV-coinfected patients. Using statistical methods appropriate for small samples, we assessed risk factors for DAA treatment failure in a large, representative cohort of Canadian coinfected patients with detailed information on current risk behaviors, substance use, clinical parameters, and prescribing decisions. Our aim was to help clinicians identify people who require specific therapies, added support, or additional monitoring to minimize treatment failure in this priority population.
METHODS

Study Population
The Canadian Co-infection Cohort (CCC) includes more than 1800 patients recruited from HIV clinic populations at 18 centers across 6 Canadian provinces [17] . We retrospectively identified all coinfected patients who initiated all-oral, interferon-free DAAs between November 1, 2013, and June 30, 2017. Treatment-related information, including start and stop dates, HCV genotype, and viral load measurements, was obtained using detailed standardized data forms. All of the participants provided informed consent. Our study was approved by the community advisory committee of the Canadian Institutes of Health Research-Canadian HIV Trials Network, the McGill University Health Centre Research Ethics Board, and by all institutional ethics boards of participating centers.
Outcome
We defined sustained virologic response (SVR) as an undetectable HCV RNA measured between 10 and 18 weeks post-treatment. We then classified each failure to achieve SVR as either (1) an undetectable HCV RNA during treatment (ie, virologic failure), with or without early treatment discontinuation; (2) a detectable HCV RNA measurement after an undetectable measurement at any time up until 12 weeks after the end of treatment (ie, relapse); or (3) death before the assessment of SVR. HCV RNA was assessed in local laboratories using either a qualitative (COBAS Ampliprep/TaqMan HCV Test, v2.0, Roche Molecular Systems) or quantitative assay (Abbott RealTime PCR, Abbott Molecular Inc.).
Risk Factors
We evaluated demographic, clinical, treatment, and adherence-related risk factors for DAA treatment failure, identified a priori and using information readily available at treatment initiation. Cirrhosis was defined by clinical diagnosis and included both compensated and decompensated cirrhosis (ie, presence of ascites, varices, spontaneous bacterial peritonitis, portal hypertension, or encephalopathy). Chronic comorbidities that may impact treatment outcomes were [18] : hepatitis B virus (HBV) coinfection (surface antigen positivity), chronic renal failure (estimated glomerular filtration rate ≤60 mL/ min/1.73 m 2 ), or diabetes (clinical diagnosis or 2 consecutive measurements of fasting glucose ≥7 mmol/L or nonfasting glucose ≥11.1 mmol/L). Off-label or low-efficacy regimens were defined as any prescribed DAA medications that were outside the current clinical guidelines of the American Association for the Study of Liver Disease (AASLD) and Infectious Disease Society of America (IDSA), updated in September 2017 [19] . Problematic substance use was defined as recent high-frequency injection drug use (IDU) or hazardous alcohol consumption. High-frequency IDU was assessed by self-report of injecting crack cocaine or methamphetamines in the last year, as these drugs are associated with multiple daily injections and a high degree of risk-taking behavior [20] . Hazardous alcohol consumption was assessed by self-report using Alcohol Use Disorders Identification Test (AUDIT-C) score cutoffs (ie, ≥3 for females, ≥4 for males) [21] . Detectable HIV RNA was defined as ≥50 copies/mL.
Statistical Analysis
We assessed predictors of DAA treatment failure in our coinfected population using logistic regression. All risk factors for DAA treatment failure were measured before or no later than 45 days after treatment initiation. We took a Bayesian approach to analysis to limit the bias in estimates when multivariate regression models are fit to "sparse data" [22] [23] [24] . For each model parameter, we asserted "weakly" informative prior distributions-distributions with credible intervals (CrIs) that we think would be viewed as liberally inclusive by knowledgeable clinicians [25] . Informative priors restrict each model parameter to a range of clinically plausible values, reducing the influence of outliers [26, 27] . We categorized risk factors as possibly or probably harmful, possibly or probably beneficial, or of uncertain direction. For each category, we then assigned a wide normal distribution, with a variance of 0.5, as the prior log odds ratio, to reduce the probability of extreme effect sizes [24] . We considered cirrhosis and the presence of chronic comorbidities to be possibly harmful (prior odds ratio [OR], 1.5; 95% credible interval [CrI], 0.38-6.0), whereas off-label and low-efficacy regimens and problematic substance use were probably harmful (prior OR, 2.0; 95% CrI, 0.5-8.0). We also included covariates for sex, Indigenous ethnicity, age (per 10 years), and detectable HIV RNA as a measure of patient adherence to treatment. We considered increasing age and sex to be risk factors of uncertain direction (prior OR, 1.0; 95% CrI, 0.25-4.0) and Indigenous ethnicity and detectable HIV RNA to be possibly and probably harmful, respectively. We used SAS/STAT 14.1 (Cary, NC) for our analysis, using a BAYES statement in PROC GENMOD to fit our Bayesian model. We report prior and posterior credible intervals; the difference between these intervals shows the information contributed by our data [23] .
Sensitivity Analysis
First, we reclassified patients taking 8 weeks of sofosbuvir/ledipasvir as a suitable, rather than off-label, regimen for genotype 1 patients if they were treatment-naïve, noncirrhotic, and had an unknown or HCV viral load <6 million IU/mL. Current AASLD/IDSA guidelines do not support the use of short-course sofosbuvir/ledipasvir in the setting of HIV coinfection [19] , but a short course of this regimen is the only option in some Canadian provinces, despite limited real-world evidence in the coinfected population [28] . Second, we restricted our analysis to HCV genotype 1 patients and replaced the existing probably harmful prior for off-label, low-efficacy regimen with a possibly harmful prior, given that we expected that this risk factor would have the greatest effect on non-genotype 1 patients. Third, we separated the effect of problematic substance use into 2 covariates-high-frequency IDU and hazardous drinkingand assigned them probably and possibly harmful priors, respectively. Lastly, we included all patients who had no available treatment outcome but were part of our study population. For those with HCV RNA measurements after starting treatment, we imputed their outcome based on post-treatment measurements, where available, or if not, on an end-of-treatment response. For patients with no measurements after starting treatment, we assumed all were failures or all were successes, to assess the effect of both extremes on our results.
RESULTS
As of June 30, 2017, 350 coinfected patients initiated treatment with DAA therapy (Figure 1 ). We then excluded 2 patients who had been treated with DAAs before enrollment, 31 patients who were treated through a clinical trial, 19 who completed a baseline questionnaire more than 45 days after starting treatment, and 3 who were treated for a reinfection after successful interferon-based therapy. Hence our analysis was of 295 coinfected patients. Most patients were male (77%), with a median age (interquartile range [IQR]) of 52 (48-56) years; 80% had HCV genotype 1; 31% previously failed treatment with interferon; 29% were cirrhotic (Table 1 ). All patients were on antiretroviral therapy, with a median CD4 + cell count (IQR) of 500 (300-700) cells/μL, and 89% had suppressed HIV RNA. Recent problematic substance use was reported by 42% of patients. Overall, 111 patients (38%) were treated with an off-label, low-efficacy regimen (range, 28% for genotype 1 to 100% for genotype 2) ( Table 2 ). Mutually exclusive reasons for off-label or low-efficacy indication were the use of a nonrecommended regimen, a recommended regimen with concomitant use of contraindicated antiretrovirals, or a recommended regimen without contraindication, but of a shortened duration ( Table 2 ; Supplementary Table 1 ). For patients with genotype 1 (n = 231), the most common reason treatment was considered off-label or low efficacy was the use of a nonrecommended regimen (n = 36), mostly interferon-experienced patients with cirrhosis (n = 31) who did not receive ribavirin. Less frequent were the use of an acceptable regimen with a shortened duration (n = 19), mostly among patients who were treatment naïve, noncirrhotic (n = 15), and had a contraindication with HIV antiretrovirals (n = 10). For patients with other HCV genotypes (n = 57), the most common reason treatment was considered off-label or low efficacy was the use of a nonrecommended regimen (n = 43), in particular sofosbuvir and ribavirin.
Treatment was successful for 263 of 286 patients with known treatment outcomes (SVR: 92%); 9 had an unknown outcome. Characteristics of the 23 treatment failures are shown in Table 3 . The reasons for treatment failure were virologic failure (n = 11), relapse (n = 9), and death (n = 3). Among the 9 patients with an unknown outcome, 2 had an undetectable HCV RNA measurement at end of treatment, with the remainder having no information on HCV RNA after starting treatment. SVR rates were higher among genotypes 1 (93%) and 3 (94%) than genotypes 2 (85%) and 4 (80%) and were higher among females than males (97% vs 90%). Among genotype 1 patients, SVR was higher among genotype 1b (37/38, 97%) than genotype 1a (159/173, 92%). SVR rates were lower among patients with cirrhosis than those without cirrhosis (88% vs 94%) and among those reporting high-frequency IDU compared with those not (89% vs 93%). There was little difference in SVR rates between those on a recommended regimen than those on an off-label or low-efficacy regimen (93% vs 91%).
Treatment-specific SVR rates by genotype, cirrhosis status, and treatment experience are shown in Supplementary Table 2. Sofosbuvir/ledipasvir was the most frequently used regimen (n = 201), followed by sofosbuvir and ribavirin (n = 32), mainly used by genotype 2 and 3 patients. Ribavirin was a component of treatment for 29 patients (11%), of whom 21 were cirrhotic or treatment experienced. Among treatment-naïve patients, noncirrhotic genotype 1 patients with an HCV viral load <6 million IU/mL treated with sofosbuvir/ ledipasvir, SVR rates were 100% (15/15) in those prescribed for 8 weeks and 95% (74/78) among those prescribed for 12 weeks.
Estimates of risk factors for treatment failure were broadly in line with our expectations, in that posterior intervals were contained within prior intervals (Table 4) . However, females were less likely to fail treatment than anticipated (prior OR, Sensitivity analyses where we imputed missing treatment outcomes under optimistic and pessimistic scenarios produced results consistent with those of the main analysis (Supplementary Table 3 ). Regimen not recommended only because ART contraindicated We assumed GT1a cirrhotic patients who used elbasvir/grazoprevir and did not have a record of baseline NS5A resistance testing to be off-label. 
DISCUSSION
We found that all-oral DAA therapies were very effective in a realworld setting. Many of our patients were historically considered difficult to treat-active substance users (42%) and those with HCV genotype 3 (12%), interferon-based treatment experience (31%), or cirrhosis (29%). The 92% SVR rate in these patients is, however, largely comparable to that reported for coinfected patients both in clinical trials [2] and in other real-world settings [9, 11, 12, 16, 29] . Replaced the probably harmful prior OR with a possibly harmful prior OR of 1.5 (95% CrI, 0.38-6.0) for this specific sensitivity analysis.
Our goal was to determine how HCV treatment selection according to guidelines and baseline patient characteristics predicts treatment outcome. DAA treatments were more effective in real-world coinfected patients than we anticipated. Many patients (38%) were prescribed regimens that were outside current clinical guidelines. Contrary to our expectations, this did not greatly increase the risk of treatment failure-particularly in patients with genotype 1 (prior OR, 1.5; 95% CrI, 0.38-6.0; posterior OR, 1.0; 95% CrI, 0.40-2.5).
In genotype 1 patients, most off-label or low-efficacy regimens were those without ribavirin in cirrhotic or interferon-based treatment-experienced patients, or with a shorter duration than recommended in treatment-naïve noncirrhotics. Reclassifying 8 rather 12 weeks of sofosbuvir/ledipasvir as an acceptable regimen for genotype 1 patients if treatment-naïve, noncirrhotic, and with HCV RNA <6 million IU/mL, as is the case in HCV monoinfection, had little additional influence on treatment failure. In this particular situation, the shorter treatment may be reasonable despite current guidelines [30] . Although 10 genotype 1 patients had potential drug-drug interactions, we identified only 1 case where such interactions could have possibly contributed to treatment failure (a patient receiving elbasvir/ grazoprevir and darunavir).
Note that at the time patients were treated, the treatment received might have been the best available and recommended by the guidelines of the day (eg, sofosbuvir/ribavirin for genotypes 2 and 3). However, even then it was known that the first DAA treatments for genotype 2 and 3 were not as effective as those available for genotype 1 [31] . Using current guidelines to define off-label or low-efficacy regimens allows us to assess the impact of earlier suboptimal treatment in real-world data. The low efficacy of early DAAs used for our genotype 2 and 3 patients most likely had little impact on the overall SVR rate in our study because we had relatively few patients with these genotypes. In any event, new highly effective pangenotypic regimens such as sofosbuvir/velpatasvir and glecaprevir/pibrentasvir mean that genotype is no longer a barrier to successful treatment [32] .
Among patient-related factors, the presence of cirrhosis was an important risk factor for treatment failure. Recent studies have reported similar findings in coinfected patients [12, 16, 29] . This is of particular importance in the setting of HIV coinfection, where liver disease progression is accelerated and liver-related mortality is a leading cause of death. Furthermore, coinfected patients may have additional comorbid conditions that increase the risk of fatty liver disease and associated liver complications. Because the off-label/low-efficacy indicator could reflect an inappropriate treatment for cirrhotics, this indicator and the cirrhosis indicator are potentially correlated. Re-running the main analysis without the cirrhosis indicator led to only a slight increase in the estimated association between off-label/low-efficacy treatment and treatment failure (posterior OR, 1.4; 95% CrI, 0.67-3.0). This implies that cirrhosis is indeed an independent risk factor for treatment failure despite current strategies-longer treatment or adding ribavirin [33] . There remains little reason to delay HCV therapy in HIV-infected patients when delay increases the risk of treatment failure and untreated patients are at greater risk of end-stage liver disease, with transplantation seldom being an option [34] .
The other important risk factor for treatment failure in our patients was high-frequency IDU. This potential harm only became apparent when we separated this exposure from hazardous alcohol use; illustrating the detrimental effects of specific risk behaviors may be missed if general indicators of substance use are used. The destabilizing effects of injection cocaine and methamphetamine use likely impact treatment outcomes through reduced adherence. These are also the same patients at high risk of HCV transmission [35, 36] and reinfection [26] , so, although SVR rates are lower, treatment is still effective and should not be withheld. This finding stresses the need for integrative HCV care that includes addiction therapies for drugs other than opioids, adherence support, and harm reduction services to improve treatment outcomes in this priority population for HCV elimination [5, 37] .
One unexpected finding was that females responded better to DAA treatment than anticipated, even after controlling for risk behaviors, such as IDU and alcohol consumption, that are more prevalent in men, behaviors that typically increase the risk of failure by reducing adherence. The implications of this finding are unclear: the same finding has been reported in other realworld settings [29, 38, 39] , although without controlling for these risk behaviors. This raises the possibility that there may be biologic explanations given that HCV infection affects men and women differently [40] .
Not completing treatment for the prescribed duration was likely to have been one of the most important reasons for treatment failure in our cohort. Not completing treatment is an important component of nonadherence, although patients might also take treatment for the prescribed duration but sporadically miss doses. Among our 23 treatment failures, 10 patients took treatment for less than the prescribed 12 weeks (all were treated for at least 5 weeks) ( Table 3) . In a preliminary analysis, before making a distinction between prescribed and actual treatment durations, these 10 patients were considered to be on an off-label, low-efficacy regimen; this risk factor was then strongly associated with failure (posterior OR, 2.4; 95% CrI, 1.1-5.3). Unfortunately, future nonadherence cannot be measured before starting treatment and does not seem easy to predict with readily available risk factors such as ethnicity, high-frequency injection drug use, and detectable HIV RNA, although all had at least some association with treatment failure.
HIV-related immunosuppression has been associated with treatment failure [16, 29] . We intentionally did not include baseline CD4 + cell count in our models, because low values may simply reflect cirrhosis [41, 42] . In response to recent studies, we subsequently added nadir CD4 + <200 cells/µL to the main model, assigning this a probably harmful prior (prior OR, 2.0; 95% CrI, 0.5-8.0) to reflect the ORs reported by Berenguer et al. [29] , but we found no association with treatment failure (posterior OR, 0.84; 95% CrI, 0.38-1.9). This additional sensitivity analysis does not support the hypothesis that immune suppression influences treatment failure. Our study has several strengths. First, our patients were recruited from a range of real-world clinical settings-community-based and tertiary care centers in urban and more rural areas of Canada. Our study has a significant proportion of traditionally understudied patient populations, so our findings can likely be generalized to other settings serving a diverse HCV/ HIV-coinfected population. Second, we collected detailed substance use data not usually available in clinical cohorts and additional HCV treatment data with which to assess treatment outcome in between routine semi-annual follow-up visits. Third, we took a Bayesian approach to assessing the influence of risk factors selected a priori, so that existing clinical knowledge would constrain estimates to a clinically plausible range despite a modest sample size and an expected failure rate of less than 10%. Finally, we carried out several sensitivity analyses to examine the robustness of our results to different assumptions about missing data, alternative models, and prior expectations.
Our findings should be considered in light of several limitations. Although we used methods to minimize small sample regression bias, there remained a limited number of DAA failures, so our estimates are imprecise. With few failures and few patients of black ethnicity, we could not consider this ethnicity as a risk factor, nor, for the same reason, could we consider any effects associated with different genotypes or subtypes. We note that these were not risk factors in other studies [12, 29] . Again, with few failures, we could not explore which components of our composite off-label or low-efficacy treatment indicator were the most important. Although treatment adherence seems an important cause of treatment failure, the risk factors we considered seem unable to predict future nonadherence; hence we could not identify specific patient populations where intervention might improve treatment success beyond those injecting drugs with high frequency.
CONCLUSIONS
All-oral DAA treatment was more effective in real-world HCV/ HIV-coinfected patients than anticipated, across a range of patient characteristics that have led the coinfected to be considered more difficult to treat. Clearly treatment could still be improved; patients with cirrhosis, in particular, continue to have an increased risk of treatment failure. Adherence still presents a challenge: Possible solutions are integrated HCV and addiction care and, ultimately, the development of shorter-duration treatments (ie, ≤6 weeks). But our data support the view that HCV/HIV-coinfected patients can no longer be considered a difficult-to-treat population.
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